This paper introduces two algorithms which allocate optimal separated 3D-trajectories to the main traffic flows. The first approach is a 1 vs. n strategy which applies an A* algorithm iteratively to each flow. The second is a global approach using a genetic algorithm, applied to a population of trajectory sets. The algorithms are first tried on a toy problem, and then applied to real traffic data, using operational aircraft performances. The cumulated costs of the trajectory deviations are used to compare the two algorithms.
Introduction
The airspace congestion over Europe is a critical problem, currently addressed by the Air Traffic Flow Management by allocating departure time slots to aircraft, thus generating costly ground delays. At a strategic level, traffic orientation schemes may be defined, with a set of routes assigned to each main origin-destination flow. The aim of these schemes is to balance the traffic among the network's routes and sectors. Modifications of the network may also be decided, in order to increase the overall capacity. In this context, airlines operators are free to choose a flight path and a requested flight level for each of their flights, on a day-to-day basis. A consequence is that many flights request the same flight levels and the most direct routes, thus increasing the airspace congestion. This system is now reaching its limits (c.f. Eurocontrol report [I] : a small amount of additionnal traffic generates a great increase in the cumulated delays) and the need for alternatives of higher capacity arises.
Numerous papers related to Air Traffic Management appear in the litterature, many of them dealing with capacity problems [2, 3, 4] or with dynamic flight planning through a congested airspace [5, 61, using a variety of deterministic or stochastic methods. Solving these problems is not in the scope of this paper, which deals with static 3D-trajectory design. The routes network design is adressed in [7] , using Voronol diagrams and clustering methods which iteratively move and merge the crossing points of the network. Although quite interesting, this approach is mainly bidimensionnal and does not take into account the vertical evolutions of aircraft. In [SI and [9] , Graph Colouring techniques are used to assign cruising flight levels to aircraft flying on direct routes, in order to ensure vertical separation during the cruise. The climbing or descending trajectory segments are not considered. In [IO] , an interesting concept of TMA-to-TMA handover is assessed through statistical studies and traffic simulations. The idea is to remove a percentage of the traffic from the current ATC system (and from the slot allocation process) by defining conflict-free routes between the main terminal areas. Aircraft flying on these routes would have priority over the rest of the traffic and would be handled by specific departure and arrival management tools. Removing even a small percentage of traffic may drastically reduce delays, as long as the impact on the overall system capacity is limited. However, only horizontal separation between routes is discussed crossing routes are either forbidden or allowed in a very limited way. So only a few traffic flows could be considered, without significant profit in terms of conflict reduction. In addition, it is not specified how aircraft would be sequenced on each route and how traffic flows separation would be achieved.
In this paper, we propose to reduce congestion by assigning static 3D-trajectories to the main traffic flows between Terminal Areas, using two altemative methods. The first one is an iterative 1 vs. n strategy where flows are considered in a chosen order (for example in decreasing order of size), and the second is a stochastic approach with a global strategy. With the first method, trajectories are sequentially computed, so that the fmt flows will have the most direct (closest to default) 3D trajectories. The second method searches a global optimum by applying a genetic algorithm to populations of trajectories sets. linear climb or descent slopes. only the main features, useful to the understanding of the rest of the paper, are presented The reader may refer to [I 13 for the discussion of the problem complexity, the choice of the algorithms, and for more details on the A* and genetic algorithms.
In the second part, the two algorithms are applied to real traffic samples (France and Europe), with realistic aircraft performance models (the ones currently used in the operationnal system). Two new modes of trajectory interference detection, which were not presented in [l 11, are introduced. The results of the algorithms are compared by considering the cumulated cost of trajectoty deviations. The conclusion summarizes the main results and gives an overview of the future work on the subject.
The Toy Problem

Trajectory model
Let us first consider a fairly simplified model for our trajectory design problem. sequence of line segments in our Euclidean space. 
Cost of a Trajectory
We are now able to define a cost related to the lateral and vertical deviations. The cost of a vertical deviation depends on the surface between the effective vertical profile and the cruise level :
where Li is the length of the chosen route. This cost should not depend on the distance between origin and destination (otherwise small deviations on long flights may cost as much as big deviations on short flights), so we shall divide this expression 
Deteciing Interfering Trajectories
between trajectories. We will deliberately avoid to use the term conflict, which in the aviation community refers to the fact that two aircraft are (or will be) closer than the allowed separation minima (usually 5 nautical miles horizontally and 1000 feet vertically). As trajectories are sequences of 3D line segments, we shall not use the horizontal or vertical distance between points in space.
to the square root of ($+#)/Nh2+2/N: was introduced (with (x, y, Z) the coordinates of the vector between points a and b,and Nh and N,the standard horizontal and vertical separations). Two trajectory segments sf E Tj and s2 E T2 are said to be interfering when the closest points (using the 
Problem Description
each flow there is a default trajectory between departure and arrival. These trajectories may interfere one with each other, in the sense of the above definition. Our goal is to find a set of N new trajectories, as close as possible to the default trajectories, but separated in space according to the distance criterion defined in the previous subsection. This is a minimisation problem, for which we may choose among two strategies.
consider each flow in tum and try to find a new trajectory of minimal cost, separated from the previous n trajectories (n C N). With this strategy, the solution found (when there is one) will depend on the order in which the flows are considered. Different sequences will lead to different solutions, and the flows at the beginning of the sequence shall obtain more direct trajectories than the ones at the end. As we are trying to find the shortest path through the airspace while avoiding obstacles (the other trajectories), using an A* algorithm seems adequate. This tree-search mechanism is detailed in [l I]. The search ends when the arrival airport is reached. The trajectory built by the A* is then the one closest to the default trajectory that does not interfere with the other trajectories.
The Genetic Algorithm
Genetic algorithms are based on the paradigm of natural evolution. Optima are reached through a process of crossing, mutation and selection of the fittest individuals. This process is applied to a population of chromosomes. The reader may refer to [I31 and [14] for an overview ofthe latest algorithms based on the evolutionary paradigm, or to [ 151 and [ 16, 171 for more details on genetic algorithms. A good state of the art of optimization using genetic algorithm may also be found in [ 181 and [ 191, with a practical application to the Air Traffic Control domain (specifically to conflict solving) in the latter. In our problem, a chromosome will be a set of n trajectories. Each chromosome of the initial population is generated by randomly choosing its n trajectories (within given bounds conceming the flight levels).
trajectory sets at each step is directly related to the cumulated cost of trajectory deviations. However, the fitness function also takes into account the interferences between trajectories: chromosomes with interfering trajectories shall be penalized. Let us first define a triangular matrix C, which diagonal values indexed (i, i) are the deviation costs of each trajectory. The other values, indexed (i, j) with i # j store the number of interfering segments between trajectories Ti and TI.
Thefifness criterion allowing to select the best climb (or descend) towards CfLjthen stay leveiled node is completely defined by the trajectory, the index j and the current vertical evolution evol, which may be either Climb or Descenf (during the evolution towards the current CFLj), or Levelled. will be equal to zero. The fitness criterion F of a given chromosome (a set of n trajectories) is detined by:
Fitness values shall then be less than I for chromosomes with interfering trajectories, and above 1 for chromosomes with separated trajectories. In this last case, the smaller the trajectory deviations will be, the greater the fitness will be.
The crossover operator and the mutation operator (which re-uses the A* algorithm) are Figure 7 shows the flows of 10 flights or more in Europe, on the same day. Let us note that our definition of Europe is here quite large: it is in fact the area described in the Eurocontrol airspace database. the traffic, and when considering the 74 flows of 20 flights or more, we are only at 6.9 percent of the total traffic. As a consequence, we will have to consider a great number of flows if we want to find trajectories for a significant amount of traffic. However, there is no interest in considering too many flows for ow problem: more than a half (5865 to be precise) of the 11 3 13 flows comprise only one flight. It makes no sense to assign permanent, static 3D-trajectories to such flows.
Results for the Toy Problem
These considerations give support the altemative proposed in the TOSCA study (where similar results can be found), which consists in grouping the airports in large terminal areas. The traffic flows are then defined between these big TMAs. This allows to handle a larger amount of traffic with a smaller number of flows, but it implies to organize the traffic within each TMA, or between adjacent TMAs. For the moment, we will only adapt the proposed algorithms to flows between airports (or entryhit waypoints), considering that removing only a relatively small amount of trafic f?om the slot allocation process may lead to high profits in terms of delay reduction, as shown in the TOSCA study.
Another interesting figure, conceming european data, is that most flights (more than 85 percent on the considered day) are intra-european: they take-off and land within the considered airspace.
Let us now focus on the French airspace, which is quite a different problem. There were 8540 flights on the 21 June 2002, flying on 1826 origindestination flows. Among these flights, 39.2 percent are overtlying traffic, representing only 18.8 percent of the flows, as shown on Table 1 , and only 23.7 percent are purely domestic, although they represent nearly half of the flows (45.6 percent). International flights (columns DAW and W->A) represent 37 percent of the traffic. So we see that more than a half of the origin-destination flows begin and/or end at the border of the French airspace, and more than 75 percent of the traffic comes from or goes to a foreign airport. Further analysis shows that the 77 flows of 20 flights or more already represent 42.4 percent of the total traffic. The 166 flows of 10 flights or more represent 56 percent, and the 371 flows of 5 flights or more represent 72.1 percent. When comparing to the european data, we see that we need to consider a relatively small number of flows in order to handle a significant part of the traffic. The reason for this is that the usual entry and exit points, issued from the actual routes network, were used in the flows computation. If we had re-computed the entry and exit points for each flight, following a direct route between departure and destination (which could be outside the French airspace), we would most probably have a much greater number of entry and exit points. The traffic would consequently be dispatched on a greater number of flows.
Problem Discussion
The brief study described in the previous section shows that considering the whole european airspace or only a part of it (namely the French airspace) leads to completely different flows configurations. In the first case, we will have to deal mostly with intra-european flows, and the problem will be quite close to the toy problem of the fist part of this paper. In the other case, the proportion of traffic entering or exiting via a waypoint at the border is much higher, and we will have to take this into account in the algorithms: they should be able to allocate separate entry or exit flight levels to flows beginning or ending over a same waypoint.
Trajectov Model
The trajectory model for the toy problem was rather simple, with linear climb and descent slopes.
To be more realistic, it should take the real aircraft performances into account, and also the fact that there may be several types of aircraft flying withii a given origin-destination flow, with possibly a great disparity of performances. Figure 8 shows an example of nominal flight profile for an airbus A320, computed with the performance model currently used in the european ATFM systems. A consequence of the disparity of c l i b or descent profiles for different aircraft is that a sequence of constraints ut distance d, sturt a verticul evolution towards CFLj, on a given origindestination flow, will generate several flight profiles. This is illustrated on Figure 9 In order to be as realistic as possible, a vertical uncertainty zone is defined for each 3D trajectory: it is the hull of all the possible flight profiles for all types of aircraft of the flow. In order to avoid the computation of all these profiles at each step of the algorithms, the upper and lower hulls of the climb and descent profiles are pre-computed for each flow, and tben used by the algorithms to compute the uncertainty zone when necessary.
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Detection Modes
For the toy problem, the detection of interfering trajectories used a distance d which added a margin to the separation standards. The false detection of interferences is the drawback of this method. These false detections may lead to unnecessary trajectory deviations, as illustrated on Figure 10 . In addition, this distance criterion is unable to cope with the vertical uncertainty zones described above.
Interference
Vertical deviation To avoid these problems, a new type of detection is introduced. A tube is defined around each trajectory segment, using the separation standards and the vertical uncertainties, when needed. When there is no uncertainty the tube has a square section, of width N h and height N,, the 3D segment being at the exact center of it. When a vertical uncertainty is used, we simply add a margin of N : to the upper and lower bounds of the uncertainty zone. Two trajectories Tf and T2 are -interfering if and only if there exists two segments sf E T, and s2 E T2 for which the corresponding tubes intersect. The algorithm detecting if two 3D tubes intersect is less easy to implement than the one with the distance d, but it provides a more accurate detection.
There is another problem which must be addressed for both types of detection. It is the case of two flows ending or beginning at the same airport. The interference between two such flows cannot be avoided (aircraft have to take-off or land at the same airport) but they are supposed to be handled by the approach control or the tower control. So the detection is tumed off in the close vicinity of the airport: the trajectory segments located within a given range (about 15 NM for example) around the airport are not taken into account.
However, these no-detection zones do not solve all problems. For example, it may be useful to define several 3D trajectories for a given origindestination flow, with different preferential cruise levels. An aircraft may then choose the most adequate trajectories, depending on its performances. In this case, it would be useful to consider that the two trajectories assigned to the same flow do not interfere during the initial climb and the final descent. The intermediate flight segments should of course remain separated. Another problem, close to this one, is the case of outbound flows starting at an airport and going into very close directions. There is few hopes to solve the trajectory interferences with lateral deviations when the number of flows exceeds three (there are only 3 possible offset routes).
A solution is to increase the radius of the nodetection zone. But we would have to choose fairly extended zones, and the interferences between inbound flows, descending towards an airport, and outbound flows would not be detected. The other solution, which have been retained, is to consider that the initial climbs fkom a same airport never interfere one with each other, and the same for the fmal descents towards a same airport. The underlying idea is that the traffic separation should be ensured by a time sequencing, and not by statically separating 3D trajectories. This sequencing should be made by the departure or arrival managers. Let us note that with this solution, we will still continue to detect and solve trajectory interferences between departures and arrivals, outside the no-detection zone. In addition, a no-detection zone is defined around each airport. The radius of the zone is an input parameter of the program (1 5 NM as default),
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The interference detection is turned off when considering two initial climbs from a same airport, or two final descent down to a same airport.
Let us note that the two first detection modes cannot be used when they are several types of aircraft in a given flow. We have to consider that there is only one type of aircraft per flow. The third mode is the most realistic. 
Nb. FLs
Adapting the Algorithms to the Real Problem
Conceming the A" algorithm, the transition cost and the heuristic are not modified. Only the rules of the nodes computation change, when there is an entry over a waypoint instead of a take-off, or an exit instead of a landing. For a father node corresponding to an entry at a given flight level, an additional son is computed, corresponding to an altemative entry at a the next lower flight level for which there is no interference at the entry, if it exists and if it is above a minimum flight level. The entry should be followed by a leveled flight segment of minimum length Le . In the case of an exit, a similar rule is applied, with also a minimum length L, for the leveled segment before exit.
The genetic algorithm is modified as follows. The entry and exit flight levels are randomly chosen, if necessary, when generating the initial population of trajectory sets. The mutation operator uses the modified A* algorithm, to find out an interference-free trajectory in replacement of a randomly chosen trajectory. It also may introduce random noises in these entrykxit levels as well as in the other cruise levels. The crossover operator also takes into account the new entrykxit levels. The fitness criterion remains unchanged. 
A320
Results for France
The A* is applied iteratively to the flows in the following order: the flows with the higher levels are considered first (reverse lexicographic order on the entry, exit, and cruise levels). For flows having the same levels, the most important flow is considered first. Table 2 shows the results of the A* algorithm for flows of 10 flights or more, requesting a flight level above FL145, over France on the 2lst June 2002. Note that the 71 flows represent 39.6 percent of the whole traffic. The value of the fitness criterion F is given for each detection mode. Although it is normally used only in the genetic algorithm, it was also computed for the A* solutions, because it is a good indicator of the number of interferences and of the trajectory deviations cost. Let us remind that it is related to the number of interfering segments when there are interferences (values smaller than I), and to the deviation costs otherwise (values greater than 1). The detection using the intersection of tubes (ITUBES-A320) seems more efficient than the one using the distance d the fitness is better, and the cumulated cost of the deviations is 260.03, which is smaller that the 296.64 found for the DIST-A320 mode. The trajectories found by the A* algorithm (with DIST-A320 detection mode) are shown on Figure 11 . We see that for the IZONES detection mode,
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.*-. found that the use of the A* algorithm in the mutation operator was the cause of these long calculation times. In the context of this operator, the A* is applied to a.randomly chosen trajectoy, and tries to find an optimal path through the whole rest of the traffic. The trajectories are initially generated at random. As a consequence, it is more difficult to find a way through this whole traffic than when applying the A* sequentially to a list of flows, beginning with the higher levels. An altemative mutation operator was tried, using a local search instead of the A* algorithm. It exhibited poor results in finding out a solution.
When investigating the reason for this, it was Table 4 shows the results of the A* algorithm for flows of 10 flights or more, requesting a flight level above FL145, over Europe on June the 21" of 2002. The 65 flows represent only a fairly small part of the overall traffic (6.20 percent). Table 5 shows the result of the genetic algorithm for the same problem, with a population of 400 elements, evolving over 300 generations, with the same crossover and mutation probabilities as before. 
Results for Europe
Conclusion
As a conclusion, we may say that both algorithms exhibit good results on the toy problem as well as on more realistic problems, with traffic flows over France or Europe. The global sfraregv generally iinds better results with the genetic algorithm than the 1 vs. n strategy with the A*. This is not a surprise, as the latter does not aim at solving the global problem.
There still remains to validate the results, by comparing the number and nature of conflicts between a traffic of reference and a traffic flying on the static 3D-trajectories found by the algorithms. This validation, using CATYOPAS traffic simulator, is now under course and already shows good results on the French problem. It will be the subject of a future paper.
Further work may deal with the improvement of the genetic algorithm, by splitting each problem (a set of flows) into several sub-problems (flows interfering one with each other). Other improvements may be the definition of large TMAs, in order to handle more traffic with less flows, in the European context. Another point to take into account, if we want to he more realistic, is the variety of aircraft flying on each origin-destination flow, with different flight performances. It could be useful to allocate several 3D-trajectories per flow. Each aircraft may then choose the most fitted trajectory, according to its flight performances. A last development, which is already under course, consists in introducing the time dimension in the algorithms, in order to make some pre-tactical4D-trajectory planning for trains of aircraft having similar performances.
